ABSTRACT Effects of the in ovo injection of organic Mn, Zn, and Cu in association with post-hatch (POH) feed and water restriction on the performance and physical-chemical bone parameters of male Ross × Ross 708 broilers were examined. On 17 d of incubation, a total of 1,872 eggs were subjected to in ovo injection using a commercial multi-egg injector. Treatments (TRT) includingd non-injected and diluent-injected controls. The respective Zn, Mn, and Cu levels (mg/mL) added to the diluent of the low (LMD) and high mineral (HMD) TRT groups were 0.181, 0.087, and 0.010, and 0.544, 0.260, and 0.030, respectively. The 4 TRT groups were then sub-divided into 2 POH holding time (HT) groups, with 15 birds randomly allocated to each of 6 replicate pens in each of the 8 groups. The first HT group (0HT) had immediate access to water and feed, and the second HT group (24HT) contained birds that were kept in transport baskets for 24 h before being released. Performance was determined and selected birds were subsequently necropsied and their tibiae extracted for analysis. In comparison to birds from 24HT group, those in the 0HT group had a higher BW gain and feed intake, and a lower FCR through 21 d POH. The percentage of bone ash of the birds belonging to the HMD group was higher than all other TRT on d 1 POH and was higher than the non-injection control group on d 21 POH. On d 1, the LMD and HMD groups had higher tibial Mn concentrations than those of the control groups. On d 7, bones from the HMD group had a higher concentration of Mn than did the non-injected control group, and likewise, on d 21 POH, had a higher concentration of Zn than did the control groups. In conclusion, a 24HT negatively affected the performance of the birds during the first 2 wk POH; however, the LMD and HMD TRT had a positive influence on bone mineralization.
INTRODUCTION
In the last decade, genetic selection for fast growth rate in broilers has led to numerable problems including skeletal disorders. At hatch, the bones of chicks are not completely formed, which means that there is a high demand for minerals during the initial stages of posthatch (POH) growth. Poor mineralization during bone ossification can lead to compromised leg development that can culminate in immobility or condemnation. These factors contribute to major economic losses in the poultry industry (Dibner et al., 2007) . Furthermore, other factors such as growth rate and nutrient availability are associated with leg problems.
The yolk along with the eggshell constitute the extraembryonic sources of calcium (Simkiss, 1961) , and Tuan and Ono (1986) noted that early calcium tracer studies conducted by Johnston and Comar (1955) confirmed that calcium is sequentially mobilized from the yolk first and then later from the eggshell. Towards the end of the incubation period, yolk is internalized into the abdominal cavity and continues to be the main source of nutrients. The yolk comprises approximately 20 to 25% of the BW of posthatch chicks and provides immediate nutrition for maintenance and growth (Romanoff, 1960; Sklan and Noy, 2000; Khan et al., 2004) . During this period, chicks make a nutrient transition from a yolk-based to an exogenous feed-based diet. Yair and Uni (2011) reported that the concentration of microminerals (Zn, Cu, and Mn) in the yolk at hatch is very low.
Different strategies have been tested experimentally in an effort to prevent leg problems. Changing the source of minerals used in the feed of breeders is one attempt to improve the bone parameters of broilers. Favero et al. (2013) substituted organic for inorganic sources of Zn, Cu, and Mn in the feed of broiler breeders. This substitution resulted in improvements in bone mineralization in the progeny and had no effect on hatchability or hatchling weight. The provision of feed to progeny immediately after hatching has also been used to further improve bone development. In the United States, the transport of hatching chicks from the nearest commercial hatchery to the farm can take up to 8 h. However, according to reports of field professionals, this period can be significantly longer in other countries. Making feed available to chicks during their transport from the hatchery to the farm, or even inside the hatcher unit, has likewise been tested by researchers (Bigot et al., 2003; Kidd et al., 2007; and Rada et al., 2013) . There are a number of ways to technically provide early nutrition; however, in ovo nutrition is the earliest and most advanced method.
The use of in ovo vaccination to prevent diseases such as Marek's disease and Newcastle disease, is a methodology well established and widely used worldwide. This method has also been studied as a means to deliver amino acids (Ohta et al., 1999) , vitamins (Bello et al., 2013; Bello et al. 2014a ,b, Bello et al., 2015 , carbohydrates (Zhai et al., 2011a) , and other nutrients (Keralapurath et al., 2010; McGruder et al., 2011) to embryos during the late incubation period. The administration of 25-hidroxy cholecalciferol [25(OH)D 3 ] by in ovo injection was shown by Bello et al. (2013) to improve the hatchability of fertilized broiler hatching eggs without having any detrimental effects on hatchling quality. In a later related study, the same research group (Bello et al., 2014b) showed that the in ovo injection of up to 1.20 μg of 25(OH)D 3 had no detrimental effects on the survival or overall POH performance (including BW gain) of broilers. Yair et al. (2013) injected P, Ca, Zn, Mn, and Cu, along with carbohydrates and vitamins, into eggs and reported a higher rate of mineralization and better mechanical properties of bones in broiler embryos and POH chicks. The yolk, as mentioned previously, has limited concentrations of Zn, Cu, and Mn, and these microminerals are important for bone development (Liu et al., 1994; Rath et al., 2000; Angel, 2007; Dibner et al., 2007; Bao et al., 2007) . These minerals also contribute to enzyme activity along metabolic pathways that are related to the formation of the skeletal system (Bao et al., 2007) . Zinc participates in important regulatory pathways for bone and cartilage formation (Starcher et al., 1980; Sauer et al., 1997) , copper is part of the linkage between elastin and collagen, which gives the bone its tensile strength (Carlton and Henderson, 1964) , and manganese insufficiencies can lead to the malformation of the epiphyseal plate of the tibia (Liu et al., 1994) . Therefore, the objectives of this study were to investigate effects of the in ovo injection of organic Mn, Zn, and Cu in association with POH feed and water restriction, on the performance and the physical and chemical bone parameters of broilers.
MATERIALS AND METHODS

Eggs and Incubation
The protocols for the current study were approved by the Institutional Animal Care and Use Committee of Mississippi State University. Hatching eggs of approximately similar weight (64.6 ± 0.15 g) were obtained from a breeder flock (Ross 708) at 32 wk of age (n = 1,872) and then stored under commercial conditions for a maximum of 2 d. Eggs were subsequently weighed, and those that weighed within 10% of the mean weight of all 1,872 eggs were set for incubation. Eggs were randomly set for incubation (Zhai et al., 2011a,b,c) on each of 6 trays in 3 Natureform incubators (Model 2,340 Natureform, Jacksonville, FL). Initially, the eggs were equally and randomly distributed among the 3 incubators, with 26 eggs assigned to each of 4 pre-specified treatment groups on each of 6 replicate tray levels in each incubator. Eggs were incubated under standard commercial conditions. At 12 days of incubation (doi), all eggs were candled, and those eggs with shells that were cracked, or that were unfertilized or contained dead embryos, were discarded (Ernst et al., 2004) . The trial ultimately included 8 experimental treatments that were arranged in a 4 × 2 factorial design, with each experimental treatment replicated 6 times.
Injection Solutions
Four in ovo injection treatment (TRT) groups were designated at 17 doi. The first was non-injected control group (Noninjected) containing eggs that were not injected, but were subjected to the same handling procedures as the following TRT groups. The second were, fertile eggs injected with 150 μL of commercial diluent (Poulvac R Sterile Diluent; Pfizer, Exton, PA) that were designated as diluent-injected controls (Diluent). The third and fourth were those injected with 150 μL of diluent containing added organic microminerals, and were designated as enrichment solution TRT. Those eggs receiving solutions containing low and high mineral doses were respectively designated more specifically as LMD and HMD TRT groups. The added organic microminerals, which included organic Zn, Cu, and Mn (Mintrex Zn, Cu, and Mn; Novus, Saint Louis, MO), were used to promote bone development. The chelated trace minerals combine HMTBa (hydroxy analog of methionine) with an essential trace mineral in a two-to-one chelated molecule. The advantage of organic compared to inorganic trace minerals is that the binding of the mineral to the organic ligand provides stability of the complex in the upper gastrointestinal system. The compositions of the enrichment solutions used are presented in Table 1 . The injection procedure was as previously described by Oliveira et al. (2015) . After injection, the eggs were transferred to a Jamesway model PS 500 hatcher unit (Jamesway Incubator Company Inc. Cambridge, Ontario, Canada) and were incubated under standard commercial conditions. Egg injection and handling prior to transfer required a maximum of 5 min. The positions of the TRT replicate groups in the hatcher corresponded to their positions in the setter.
Grow-Out Phase
At hatch, chicks belonging to a common TRT replicate group from each incubator were pooled together, and were subsequently sexed and weighed. Each of the 4 TRT groups from the incubation phase were then subdivided into another 2 POH holding time (HT) groups, which resulted in a total of 8 treatments (4 TRT × 2 POH HT). Fifteen male birds were randomly allocated to each of 6 replicate mini-pens (0.914 m × 1.219 m) within each of the 8 treatment groups. Initial bird density in each mini-pen was approximately 0.074 m 2 per bird. The first HT group, designated as having a 0 h HT (0HT), had immediate access to water and feed, and the second HT group, designated as having a 24 h HT (24HT), contained birds that were kept in transport baskets for 24 h before being placed inside their respective treatment-replicate pen. After the HT period, but before the birds were released, the feeders in each pen were weighed. For birds in the 0HT treatment group, standard brooding conditions and ad libitum feed and water were provided from 0 to 42 d POH. Birds in the 24HT treatment group were likewise provided the same conditions and had ad libitum access to feed and water after the HT period.
Data Collection
In each pen, mortality was recorded daily and total bird BW, bird numbers, and the weight of unconsumed and added feed were recorded on d 7, 14, 21, 35, and 42 POH. Mean BW gain, feed consumption, and feed conversion were calculated for each replicate pen between 0 and 7, 0 and 14, 0 and 21, 0 and 35, and 0 and 42 d POH. Feed consumption over the entire grow-out period (0 to 42 d) was calculated by totaling feed consumption in each time interval and correcting for loss of birds due to mortality and sampling. Feed conversion was calculated by dividing total feed consumption by total BW gain in each pen. On d 1 POH (immediately before releasing birds belonging to the 24HT group), one bird that weighed within 5% of the mean BW of the birds in each of the respective 48 pens was randomly selected, weighed, and its length (from the tip of the beak to the tip of the middle toe, excluding the nail) was measured (Molenaar et al., 2010) . Subsequently, the selected birds were necropsied to confirm their sex and for the extraction of their left and right tibiae. On d 1, 7, 14, and 21 POH, the same sampling procedure was performed for extraction of the left and right tibiae from one bird randomly selected from each pen. Muscle was removed from the left tibiae and then then weighed to determine fresh bone weight. Subsequently, the bones were oven-dried until no further weight loss was observed. The bones were then allowed to equilibrate to room temperature before their dry weight (BDW) was determined (Zhai et al., 2011b) . Fresh and dry bone weights were calculated as percentages of BW. With the use of an Instron Universal Testing Instrument (Table Model 5544, Instron, Norwood, MA), dried left tibiae were subjected to breaking strength analysis using the method described by Shim et al. (2012) . The cradle and plunger of the Instron Instrument were adjusted to accommodate size differences of the bone samples collected. The broken bones were weighed and ashed in a muffle furnace (Iso-temp D3714, Fisher Scientific, Pittsburgh, PA) for determination of percentage of bone ash (PBA) using AOAC (1990) methods. For bone mineral concentration analysis, bone ash samples from one bird from each pen was selected. Using methods specified by the US-EPA (1986), the samples were dissolved and digested (method 3051), and the concentrations of Ca, P, K, Mg, Zn, Mn, and Cu in each ash sample were analyzed by inductively coupled plasma optical emission spectrometry (method 6010B).
The frozen right tibiae were transferred to the Department of Animal Science at Purdue University, where they were thawed and then scanned using a model 476D014 dual-energy x-ray absorptiometry (DEXA, Norland Medical Systems, Fort Atkinson, WI) analyzer to determine bone mineral density (BMD) and bone mineral content (BMC). Description of the DEXA analyzer and the procedures of its operation were as described by Hester et al. (2004) .
Statistical Description
A randomized complete block design was used in the arrangement of eggs in the setter and hatcher units and in the placement of chicks in floor pens. The 4 TRT were equally represented within each setter tray and hatching basket level. Each of the 6 groups of floor pens (blocks) represented a replicate unit. TRT and HT were designated as fixed effects and block as a random effect. Data on d 1, 7, 14, and 21 POH were analyzed separately. All variables in this study were analyzed by ANOVA using the MIXED procedure of SAS software 9.2 (SAS Institute, 2010). Least squares means were compared in the event of significant global effects. Global effects and least square means differences were considered significant at P ≤ 0.05.
RESULTS
All performance parameters evaluated are presented in Table 2 . There were no significant TRT × HT interactions for any parameters evaluated in this study. Furthermore, there were no significant main effects due to TRT on mean POH BWG, FI, or FCR. However, there were significant main effects due to HT on 0 to 7 d (P < 0.0001) and 0 to 14 d (P < 0.0001) BWG; 0 to 7 d (P < 0.0001), 0 to 14 d (P < 0.0001), and 0 to 21 d (P < 0.0001) FI; and on 0 to 7 d FCR (P < 0.02). Birds in the 0HT group had a higher BWG through d 7 and 14 than did the 24HT group. The birds belonging to the 0HT group also had a higher FI through d 7, 14, and 21 than did birds belonging to the 24HT group. Furthermore, birds in the 0HT group had a lower or more improved FCR than did those in the 24HT group. Due to commensurate increases in both the FI and BWG of birds, no significant differences were observed for FCR past d 7 POH.
The bone breaking strength (BBS) results (Table 3 ) indicate that bone strength was not improved by the in ovo injection of diluent containing either supplemental mineral dosage at any of the ages evaluated. Delayed access to feed and water also had no negative effect on bone strength until 21 d POH. The bones of the birds in all of the treatment groups on d 1, 7, 14, and 21 POH were scanned for determination of BMD. However, only bones from birds at 14 and 21 d POH were successfully (Table 4) . Fresh bone weight was not affected by TRT or HT (Table 5 ). The BDW, which was calculated as a percentage of BW, was also not affected by TRT. However, there was a significant effect of HT on d 1 (P ≤ 0.001) and 14 (P ≤ 0.004) POH. On d 1 POH, the BDW of the birds from the 0HT group was lower than that of the 24HT group. The opposite was observed on d 14, in which the birds from the 0HT group had a higher BDW than did those from the 24HT group. No significant difference between HT treatments for bone ash was observed. The percentage of ash in the bones of the birds belonging to the HMD group was significantly higher (P ≤ 0.01) on d 1 in comparison to the other TRT. The TRT did not affect bone ash concentration on d 14. However, on d 21, mean PBA of the birds from the HMD treatment group was significantly (P ≤ 0.04) higher than those from the Noninjected group.
There were no significant interactive effects involving TRT and HT for bone Ca, P, and Mg concentrations on d 1, 7, and 21 POH (Table 6 ). Furthermore, there were no main effects due to TRT or HT for bone Mg concentration on d 21 POH or for Ca and P on d 1, 7, and 21 POH (Table 6 ). However, on d 1, the concentration of Mg in the bones of birds belonging to the TRT groups that received the supplemental minerals by in ovo injection was significantly (P ≤ 0.04) higher than those of the other TRT groups. On d 7, the ash of the bones from the Noninjected group had a lower (P ≤ 0.011) Mg concentration than the other TRT. Curiously, the bones of birds belonging to the Diluent group had a higher Mg concentration than did the Noninjected control birds. In addition, on d 1, bones from the birds belonging to the 0HT treatment group had a significantly (P< 0.0001) higher Mg concentration than did those from the 24HT treatment group.
The microminerals (Mn, Zn, and Cu) used in the injection solutions were analyzed in the ash of the bones of all selected birds at 1, 7, and 21 d POH (Figure 1 ). Due to undetectable concentrations of Cu in the ash of these bones, the data for this mineral is not presented. Nevertheless, there were TRT effects on bone Mn concentrations on d 1 and 7 POH. On d 1, the birds that received any of the mineral supplements (LMD or HMD) by in ovo injection had a higher concentration of Mn than did either control group. On d 7, the HMD group had a significantly higher concentration of Mn than did the Noninjected group. Although the bone concentration of Zn exhibited a numerical change that was similar to that of Mn in response to the injection of Zn, no significant TRT effect was observed on d 1 and 7 POH. The opposite was observed on d 21, when no significant change in Mn concentration was observed among TRT, whereas the concentration of Zn did change significantly. The concentration of Zn in the bones of the birds from the HMD group was higher than that of birds in both control groups. Furthermore, no significant difference was observed for the concentration of these minerals between the 2 HT treatment groups.
DISCUSSION
The objective of the present study was to examine the effects of in ovo TRT in conjunction with HT on the bone development of broilers. In spite of our expectations, no TRT × HT interaction was observed for any of the bone parameters evaluated. As reported by Yair and Uni (2011) and Yair et al. (2013) , bone development and their subsequent properties in broilers are affected by nutrient availability during the embryonic and POH periods. In those reports, it was observed that in ovo enrichment using several nutrients (Fe, Zn, Mn, Ca, Cu, P, Maltodextrin, Vitamin A, Vitamin D 3 , and Vitamin E) resulted in numerous structural changes in the bones of birds during the incubational and POH periods. Bello et al. (2014a) investigated the in ovo injection of 25(OH)D 3 , and found that it had various Means within a parameter with no common superscript differ (P ≤ 0.05). Table 6 . Broiler bone Ca, P, and Mg concentrations (wt/wt%) on d 1, 7, and 21 posthatch in Noninjected, diluent-injected, low mineral dose (LMD), and high mineral dose (HMD) injected treatment groups, and at 0 h (0HT) and 24 h (24HT) holding times. effects on the mechanical properties of the tibia. The TRT employed in this study had no effect on the performance of broilers. This finding is in accordance with those of Bello et al. (2014b) , who evaluated effects of the in ovo injection of different levels (0.15, 0.30, 0.60, or 1.20 μg) of 25(OH)D 3 on broiler performance through 21 d POH. It was shown that 25(OH)D 3 at all the injection levels employed had no negative effects an broiler performance. Results of the current study showed that the broiler chicken has the ability to undergo compensatory BW gain. The birds were able to compensate by 21 d POH for a reduction in BW at 14 POH, which was caused by early feed and water deprivation. Feed restriction obviously decreased the BWG and FI of the chicks until a certain age. It is widely accepted that compensatory growth occurs so that birds eventually can reach a genetically programmed BW if provided the adequate nutrients at the right time (Pinheiro et al., 2004) . This suggested compensatory growth was confirmed by the FI and BWG results that we observed in this study. Zhan et al. (2007) raised feed-restricted broilers that were deprived of feed for 4 h each d from 1 to 21 d of age, and it was observed that ADFI and ADG were not increased during the period in which they were provided feed and water (22 to 63 d POH). Furthermore, early feed restriction has been shown to significantly improve the FCR of broilers when compared with full fed controls birds (Deaton, 1995) . Our data showing that the birds from the 24HT group exhibited an improved FCR in comparison to those from the 0HT group through 7 d POH, confirm this earlier finding. During the remainder of the trial, no differences were observed for FCR besides the existence of numerical differences. In this study, the TRT and HT employed were noted to have no effect on tibia BBS. It was expected that by increasing mineral availability to the embryo through in ovo injection, that early bone development would be improved. It was further expected that early bone development and its subsequent effects on their mechanical properties would be enhanced when mineral injection was used in conjunction with an imposed decrease in growth rate (24HT). Yair et al. (2013) reported that long bones (tibia and femur) from birds that received in ovo supplementation of nutrients had superior mechanical properties at d 3 POH in comparison to Noninjected controls. However, at d 7 POH, no differences were observed between TRT in this study. In a study by Manangi et al. (2012) , the supplementation of broiler chick diets with inorganic or organic Cu, Mn, and Zn did not exert different effects on BBS.
Conversely, the TRT and HT used in this study affected fresh bone weight. On d 7 and 14 POH, HT significantly affected dry bone weight. The observed effect of HT might be due to the lower BW of the birds belonging to the 24HT group on d 1 and 14, rather than being due to differences in their bone structure. On d 21, no difference due to TRT or HT was observed for BDW or BWG, which supports this relationship. The HMD TRT had a positive effect on PBA at d 1 POH when compared to all of the other TRT. The superiority of tibial PBA in the birds that received HMD when compared to those from the Noninjected group, shows that mineral injection has the potential to improve bone development even during the later stage of POH growth. Yair and Uni (2011) observed that broiler bone ash on 19 doi was increased due to in ovo nutrient injections, but that birds in the Noninjected group also had a higher PBA on d 3 POH. Star et al. (2012) used diets containing different forms and levels of Zn, but did not observe any significant treatment effects on tibia ash. Similar to BBS, TRT, and HT had no effect on BMD or BMC in this study. Oliveira et al. (2015) used the same TRT of the present study and reported positive effects of HMD on PBA at 1 d POH. The higher PBA had no correlation to the mechanical properties evaluated, which have been commonly observed in other reports (Yair and Uni, 2011) .
There were no significant TRT or HT effects on Ca, P, or Mg in any of the samples analyzed, with the exception of TRT and HT effects on Mg on d 1 POH and a TRT effect on Mg on d 7 POH. Interestingly, the in ovo injection of LMD and HMD significantly increased the level of Mn in the bone ash of the birds. Numerical differences in Ca and P along with Mn in the tibial ash of birds that received an in ovo injection of organic minerals are suggestive of a potential for increased mineralization in the bones by 1 d POH. The same effect was not observed on d 7 or 21 POH in this study. Yair et al. (2013) reported that by 2 d after an in ovo injection of nutrients, that the concentrations of Ca and P, as percentages of dry bone weight, were nearly 2-fold higher than those of a Noninjected group. However, they observed that on d 7 POH, the concentrations of Ca and P in the bone were higher than those in the Noninjected group. Bello et al. (2014a) reported that no significant changes in bone Ca, P, Mg, or K were caused when various levels of 25 (OH)D 3 were administered by in ovo injection. On d 1 and 7 POH, the injection of HMD or LMD had no current effect on bone Zn concentration. However, on d 1 POH, the in ovo injection of minerals resulted in higher concentrations of bone Mn when compared to those belonging to the control groups. Also, on d 7 POH, the mean concentration of Mn in the ash of the birds from the HMD TRT was higher than those belonging to the Noninjected control group. Bao et al. (2007) fed broilers with different sources and levels of organic Cu, Fe, Mn, and Zn, and observed that there were no differences in the concentration of these minerals in the bones of birds that received either inorganic minerals or high concentrations of organic minerals. On d 21 POH in the current study, the mean concentration of bone Zn of birds from the HMD group was higher than that of birds from the control groups. In a previous study by Yair et al. (2013) , it was found that the injection of nutrients involved in bone development had positive effects on the concentration of Mn but not of Zn.
Based on these current results, it can be concluded that a 24 h delay in placement has little or no effect on broiler bone development. However, the in ovo injection of organic minerals involved in bone mineralization may potentially benefit bone quality. Further research to determine the optimal dosages of various other organic minerals that may be administered by in ovo injection alone or in combination with those used in this study for improved bone development and mineralization in broilers, should be considered.
